AOlophycocyanin was isolated from dissociated phycobilisomes from Nostoc sp. and was separated into allophycocyanin I, II, III, and B as described elsewhere. If the separation of the proteins following phycobilisome isolation is done in the presence of the protease inhibitor, phenylmethylsulfonylfluoride, associated with allophycocyanin I are two colored polypeptides of 95 kilodalton (kD) and 80 kD, belonging to the class of Group I polypeptides as defined by Tandeau de Marsac and Cohen-Bazire (Proc Nati Acad Sci USA 1977 74: 1635-1639). AHophycocyanin I has a fluorescence maximum of 680 nanometers as do intact phycobilisomes and has thus been suggested to be the final emitter of excitation energy in phycobilisomes. Thylakoid membranes washed in low ionic strength buffer containing phenylnethylsulfonylfluoride lose all biliproteins, but retain the 95 kD and 80 kD polypeptides. As suggested by Tandeau de Marsac and Cohen-Bazire, these are likely to be the polypeptides involved in binding the phycobilisome to the membrane. As these polypeptides are isolated with aflophycocyanin I, structural evidence is provided for placing allophycocyanin I as the bridge between the phycobilisome and the membrane. These Group I polypeptides and the 29 kD polypeptide (involved in rod attachment to the APC core) are particularly susceptible to proteolytic breakdown. It is thought that in vivo the active protease may be selectively attacking these polypeptides to detach the phycobilisome from the membrane and release the phycoerythrin and phycocyanin containing rods from the allophycocyanin core for greater susceptibility of the biliproteins to protease attack.
PBsomes5 are multiprotein aggregates composed of the colored phycobiliproteins, involved in light absorption and transfer of excitation energy to Chl a in vivo, and several nonpigmented proteins which have been suggested to function in binding the phycobiliproteins to each other and to the thylakoid membrane (5, 14) . Several models have been proposed for the structural ' organization of the disc-shaped (hemi-discoidal) PBsomes of certain cyanophytes and rhodophytes (2, 11, 19) . Attached to an APC core, which itself is closely associated with the thlyakoid membrane, are several rod-like projections which contain PE and PC with the former, when present, being located on the peripheral portion of these rods. Several colorless polypeptides (30,000-70,000 mol wt), called Group II and III polypeptides, have been suggested to be exclusively associated with the phycobilisome rods, and the Group I polypeptides (>70,000 daltons) with the APC core or its attachment site to the membrane (5, 14) . In Nostoc sp., we have found that the 34.5 kD, 34 kD, and 32 kD polypeptides are required for PE-PE, PC-PC, or PE-PC association within the PBsome rods (Zilinskas, manuscript in preparation), the 29 kD polypeptide for attachment of the PE-PC rod to the APC core, whereas the 95 kD and 80 kD polypeptides are always isolated with the APC core (6) .
Allophycocyanin from Nostoc sp. can be separated into four spectral forms. Of these, APC II and III fluoresce maximally at 660 nm, while APC I and B have emission maxima at 680 nm and have long wavelength absorption bands as well (22, 23) . Either APC I or B (or both) can then serve as final emitters of excitation energy from the PBsome and primary donors to PSII Chl in the thylakoid. Of the four APC forms, only APC I was found to contain polypeptides in addition to the a and ,8 subunits found in all APC forms. We reported the size of this polypeptide to be -35 kD and that it contained a chromophore (probably phycocyanobilin) (15, 22) . We have found that the 680 nm fluorescence is only seen when this polypeptide is associated with the a and I) chains of APC I (Zilinskas and Greenwald, unpublished data).
In experiments reported herein, we find tht the 95 kD polypeptide is associated with APC II if its purification is done in the presence of the serine protease inhibitor, PMSF. The 80 kD subunit found also in PBsomes is isolated with APC I, but it seems to be a partial degradation product of the 95 kD polypeptide. Additional (12) . Phycobilisomes were isolated according to Troxler et al. (15) . Allophycocyanin I, II, III, and B were isolated according to Troxler et al. (15) with the addition of 1 mm PMSF in all solutions during purification of Spectroscopic Measurements. Absorption spectra were determined on a Cary 17D recording spectrophotometer. Fluorescence emission spectra were measured on an Aminco-Bowman spectrofluorimeter as described previously (6) . Protein concentrations were estimated by 280 nm A according to the method of Warburg and Christian (16) . Chl concentrations were estimated according to the method of Amnon (1).
SDS-Polyacrylamide Gel Electrophoresis. Electrophoresis on polyacrylamide slab gels (1.5 mm thick, 20 cm long) was done with the discontinuous buffer system of Laemmli (9), with a 5% stacking gel and a 12.5% running gel. Samples (1-2 mg protein/ ml) were dialyzed for -1 h against 10 mm sodium phosphate (pH 7.0) diluted with an equal volume of Laemmli sample buffer (9) and heated in a boiling H20 bath for 5 min. Where specified, samples were prepared with a 3-fold reduced SDS:protein ratio in the sample buffer and run at 4VC according to the method of Henriques and Park (7) to preserve association of the Chl chromophore with its apoprotein and chromophore absorbance in APC. Gels were stained with Coomassie Brilliant Blue R-250 and destained as described previously (12 Electrophoresis conditions and sample preparation according to Laemmi (9) . Approximately 10 ,ug protein/band applied to each lane. soybean trypsin inhibitor. PMSF and DIFP are unstable in aqueous solution (3, 8) , so the dialysis buffers were changed at 3-h intervals. The dialysis tubing was prepared by boiling with six changes in H20. In treating samples and handling dialysis bags, polyethylene gloves were worn. The stocks of PMSF and DIFP were kept in absolute ethanol and isopropanol, respectively. The dialysates contained 0.5% alcohol. Phycobilisomes were also isolated from the thylakoid membranes with PMSF present during all steps of the isolation, including initial cell breakage. Polypeptide analyses of the PBsomes were compared with those of PBsomes not isolated in PMSF.
Limited Proteolysis of Phycobilisomes. The PBsomes in 0.5 M sodium phosphate (3 mg protein/ml) were treated with trypsin (1 ,ug/100 ,ug phycobiliprotein) according to Yamanaka et al. (19) .
The trypsin digestion occurred over a time schedule of 15 min to 6 h at room temperature. Aliquots were removed at the indicated time points treated immediately with Laemmli sample buffer (9), and boiled for 5 min for gel analysis.
Isolation of Washed and Unwashed Thylakoid Membranes. Two-d-old cells were harvested and suspended in either 0.75 M or 10 mm phosphate buffer. All steps of the membrane isolation were done at 20°C at pH 7.0 in the presence of 0.02% NaN3. Where indicated, 1 mm PMSF was included at the point of cell breakage and thereafter. Cells were broken in a French pressure cell at 16,000 p.s.i. and then centrifuged at 20,000g for 20 min. The resulting supernatants were centrifuged at 60,000 rpm for 30 min in a Beckman 70 Ti rotor. The pellet in 0.75 M phosphate contained thylakoid membranes with phycobilisomes attached and are referred to as 'unwashed membranes. ' The pellet from the 10 mm K-phosphate suspension was thrice resuspended in the same buffer, homogenized annd centrifuged as above. These membranes free of biliproteins are referred to as 'washed membranes.' Absorption and fluorescence spectra of the supernatant of the last wash showed no biliproteins. Supernatants (15) , with the inclusion of 1 mm PMSF in all buffers, separates this pool into four spectrally distinct forms, APC I, II, III, and B, as described previously (15, 23) , with APC I the major 680 nm fluorescing species. The polypeptide composition of these four APC forms is seen in Figure 1 Electrophoresis of the APC samples according to the method of Henriques and Park (7), produces polypeptide profiles identical to those obtained with the Laemmli gel system but bleaching of the chromophore is reduced. Figure 2 shows a gel of APC I immediately after isolation and at 4 and 24 h of dialysis in 10 mm sodium phosphate minus PMSF. The gels, illuminated with UV light, show the red fluorescence of the phycocyanobilin containing polypeptides. The breakdown of the 95 kD polypeptide proceeds through several preliminary stages, resulting first in an 80 kD polypeptide (lane 2). It is clear that the previously reported 35 kD chromophore containing polypeptide of APC I (15, 22) is in fact a proteolytic degradation product of the 95 kD Group I polypeptide, as further proteolysis results in polypeptides of 43 and 39 kD (lane 3). Long-term exposure to low concentrations of phosphate minus PMSF, as was the case in earlier procedures for isolation of APC I, resulted in proteolysis of the Group I polypeptide. This has been recently noted by Lundell et aL (10) , using limited tryptic digestion of a particle isolated from Synechococcus 6301 which contains APC, PC and 27 kD and 75 kD polypeptides.
The requirement of a protease inhibitor during isolation of APC I to preserve the 95 kD polypeptide prompted additional study. Prolonged dialysis of PBsomes against 10 mm sodium phosphate (pH 7.0) results in the breakdown of the Group 1 95 kD polypeptide as well as the 29 kD and 32 kD Group II polypeptides (Fig.  3, lanes 1-5) . kD and 39 kD. Two bands of 27 kD and 23 kD appear to result from breakdown of the Group II 32 kD and 29 kD polypeptides, respectively. Dialysis against 500 mm sodium phosphate virtually eliminates the breakdown of the Group I and II polypeptides. It is clear there that the 80 kD polypeptide results from partial proteolysis of the 95 kD polypeptide (Fig. 3, lanes 6-9) . Likewise, addition of the protease inhibitors, PMSF or DIFP, to the 10 mm phosphate dialysates stops the breakdown of both Group I and II polypeptides (lanes 10-13 and 14-17). As proteolytic activity might be expected to be optimal after initial cell breakage, PBsomes were isolated in the presence and absence of PMSF; no difference was seen in polypeptide composition. It should be noted that the isolation was done in 0.75 M K-phosphate, and it appears that the protease is only active in low salt conditions. Figure 4 shows the effects of limited proteolysis of PBsomes by trypsin. Within 15 min (lane 2), there is a selective degradation of the band at 95 kD corresponding to an increase of the 80 kD polypeptide. In addition, the Group II polypeptides at 32 kD and 29 kD also appear to be breaking down. By 1 h, the amount of the 80 kD polypeptide is reduced, and the 32 kD and 29 kD polypeptides are nearly gone. Through the 6-h time point, there are no additional changes. The Group I polypeptides and the two lowest mol wt Group II polypeptides appear the most susceptible to proteolytic digestion by trypsin. The absence of intermediate breakdown products of the 95 kD polypeptide, such as appeared in PBsomes suspended in 10 mm sodium phosphate for 24 h (Fig.  3) , suggests that proteolysis of the 95 kD polypeptide by trypsin is complete, perhaps resulting in products similar in size to the a and ,B subunits (and thus not detectable) or smaller. The specific breakdown of the 95 kD, 32 kD,and 29 kD polypeptides indicates that these polypeptides are accessible to proteases. Inasmuch as the 95 kD polypeptide is degraded first, it is probably the most accessible protein in isolated PBsomes, as one might expect if it were involved in binding the PBsome to the membrane. Specific trypsin inhibitors (TLCK and soybean trypsin inhibitor) and chymotrpysin inhibitor (TPCK) do not protect the PBsomes suspended in 10 mm phosphate against proteolysis (data not shown).
When thylakoid membranes of Nostoc sp. are repeatedly washed in low ionic strength buffer to remove biliproteins, one might expect APC I or the 95 kD polypeptide to remain associated with the membrane if it indeed were involved in attachment of the PBsome to the membrane. This was first shown with Synechococcus 6312 and Fremyella 7601 by Tandeau de Marsac and Cohen-Bazire (14) . As seen in Figure 5 , this is the case; after four low ionic strength washings in the presence of PMSF, the 95 kD and 80 kD polypeptides remain associated with the membrane, whereas there is no indication of additional removal of biliprotein (either spectroscopically detectable in the supernatant or by gel analysis of 100-fold concentrated supernatants of washes). The remaining polypeptides in the 14 kD to 20 kD range appear to be thylakoid components. Some evidence of Group I polypeptides in the thylakoids washed in the absence of PMSF may be explained by limited total time of exposure of the membranes of low phosphate. Increased time of incubation in low phosphate dramatizes the loss of the Group I polypeptides by proteolysis in the absence of protease inhibitor.
It appears that we are coisolating with PBsomes a protease specific for Group I and certain Group II polypeptides. It does not seem to degrade the major subunits of the phycobiliproteins themselves and is therefore different from the phycocyaninase described by Foulds and Carr (4) (20) .
As the function of each of Nostoc sp.'s Group I and II polypeptides is now clear, and as there do not appear to be any major extraneous polypeptides in our PBsome gel profiles, the identity of this protease is yet unknown; it is possible that its size is in the mol wt range of 14 kD to 20 kD and therefore is obscured by the major proteins of the PBsome. Whatever the source of the proteolytic activity, it is possible that in vivo the active protease may be selectively attacking the 95 kD and 29 kD polypeptides to detach the PBsomes from the membrane and release the phycoerythrin and phycocyanin containing rods from the allophycocyanin cen- Figure 1 ; lane 7, supernatant of the first 10 mm sodium phosphate wash in the presence of I mm PMSF. Electrophoresis conditions and sample preparation according to Henriques and Park (10) . Membrane preparation according to "Materials and Methods." tral core for greater susceptibility of the individual biliproteins to protease attack.
In summary, as the 95 kD polypeptide is found associated with APC I and with the washed thylakoid membranes, these data show APC I to be both the structural and functional link of the PBsome and the Chl containing thylakoid membrane. This is in agreement with the 680 fluorescence emission maximum of APC I which is that of the isolated PBsome and that which best overlaps the absorption of Chl a in the thylakoid. The 680 nm fluorescence appears to be conferred by its 95 kD polypeptide whose chromophore has both long wavelength absorption and fluorescence bands, which shall be discussed in the following paper (21) .
